We all appreciate the beauty of flowers, but we seldom consider their function in the life cycle of the plant. The function of beautiful flowers is to advertise the presence of nectar. Floral nectar is the key component in the mutualism between flowering plants and their pollinators. Plants offer nectar as a reward for the transport of pollen by animal vectors. Studying nectar is challenging because of its complex physiology, complex polygenetic structure, and strong environmental variability. Recent advances set the stage for exciting future research that combines genetics and physiology to study ecological and evolutionary questions. 
Introduction
Floral nectar is a key innovation of angiosperms that evolved as a reward to visitors that transport pollen in return. It is a sugar-rich fluid dominated by the hexoses glucose and fructose, and the disaccharide sucrose. Nectar allows flowers to 'outsource' the pollination business to animal vectors, which assure a directional, accurate, and efficient transfer of pollen compared to wind pollination. The establishment of animal-mediated pollination not only solves a problem but also creates new ones. First, nectar production is costly in terms of seed production and photoassimilate allocation [1, 2] . Second, the sugar solution does not only attract pollinators. Nectar robbers and microbes may consume the reward without transferring pollen. Third, pollen may be deposited at the wrong recipient, that is, a different plant species. While this latter problem can be reduced with the evolution of more exclusive relationships with few or even only one pollinator species, plants using this strategy limit their potential distribution to the distribution of their pollinators, which may increase extinction risk ( Figure 1 ).
Most floral traits are likely to be genetically complex, and few of the genes involved have been isolated so far. The identification of such genes will allow a genetic analysis of floral traits involved in plant-pollinator interactions. Downregulation of relevant genes can give information about the effect of single gene mutations on pollinator behavior [3, 4, 5 ,6 ]. Marker-assisted breeding (near isogenic lines) and transgenic plants can provide useful material for field assays [7 ,8 ].
We will briefly present the recent key advances in nectar research related to the following topics: first, the physiology of nectar sugar production; second, nectar composition, in particular the functions of primary and secondary compounds; and third, the genetics of nectar production. We will conclude with suggestions for important future research questions on nectar.
The physiology of nectar sugar production
The site of nectar production, secretion, and release are the nectaries (Figure 2 ). These specialized organs occur in or around vegetative or reproductive organs [9] [10] [11] . In evolutionary terms, the variability in location reflects the broad diversity of pollinators and their foraging behavior. The specification of nectaries does not depend on the ABC genes that control the specification of all other floral organs. This lack of genetic constraints may explain the flexibility in position [12] .
Although nectaries may have active chloroplasts, carbohydrates for nectar production are mostly imported. Sucrose is transported from source tissues via the phloem and stored in the nectary parenchyma as starch [13, 14] . Ren et al. [15] recently demonstrated in Nicotiana that starch-breakdown in nectary plastids not only produces nectar sugars but also causes an influx of sucrose into the nectaries. The expression of genes involved in starch synthesis and breakdown are tightly linked to nectary developmental stages, where starch catabolism is correlated with nectar release prior to anthesis [16] .
It was originally assumed that the production of glucose and fructose resulted from the hydrolysis of sucrose [17] . However, the ratio may deviate significantly from the expected 1:1 in many species. This discrepancy between theory and data was recently resolved [18 ] : after the hydrolysis of sucrose, the hexoses are partially cycled through various biochemical pathways before being secreted into the lumen of the nectary. This more complex metabolism could explain a deviation from the 1:1 ratio. In addition, microbial degradation can alter nectar composition [19] . To counteract degradation and protect reproductive organs from microbial attack, some plants secrete antimicrobial hydrogen peroxide into the nectar [20] .
Functions of nectar
From the plant's perspective, in an ideal scenario pollinators carry the maximum amount of pollen from one plant to the stigma of a conspecific while consuming minimal nectar (Figure 3) . Limitation of nectar availability entices pollinators to forage on a larger number of flowers and enhance pollen distribution. Plants make a preselection by luring certain pollinator guilds via advertising floral traits like scent [21] , petal pigmentation [22] , and other floral structures (waxes, cell shape, etc.). Recently, Goyret et al. [23] demonstrated the importance of CO 2 emission as an attractant. Datura wrightii emits large amounts of CO 2 at anthesis when nectar volume is highest, provoking a strong attraction of the hawkmoth Manduca sexta toward the carbon dioxide source. Only insects with CO 2 sensing organs can receive this signal and choose the flowers with highest rewards. Species identity of the visitor and length and frequency of visits are thus crucial factors for plant reproductive success.
Both length and frequency of foraging bouts are regulated by the composition and concentration of primary and Closely related species attract different pollinators. Left, Petunia exserta with Hylocharis chrysura; right, P. axillaris ssp. axillaris with hawkmoth Manduca diffisa. Nectar production is similar in the two species. Differences in color, fragrance, and architecture of the flower determine the specificity of the interaction. Photos: Alexandre Dell'Olivo.
Figure 2
Floral reward and floral display. Longitudinal section through a flower of Petunia axillaris ssp. axillaris. The nectaries (arrows) are concealed at the base of the gynoecium, favoring access to specific hawkmoths pollinators, and restricting access to unwanted visitors. Photos: Marc Gré millon. secondary metabolites in the nectar. The long-standing dogma that pollinator preference is the driving selective force for nectar sugar composition [3] has been repeatedly supported [24] [25] [26] [27] . Lotz and Schondube [25] provide an extreme case for the importance of sugar composition by demonstrating that two passerine bird clades cannot digest sucrose. In parallel, however, several authors recently provided evidence for the importance of sugar concentrations and nectar volume for pollinator preferences: for example, several species of birds consistently switched from a hexose preference in diluted nectars to a sucrose preference in a concentrated diet [28] [29] [30] .
An important function of secondary compounds in the nectar is to repel less specialized or even illegitimate visitors such as nectar robbers and pathogens. However, secondary compounds may also regulate the duration of pollinator visits and as a consequence the number of plants visited. Irwin and Adler [5 ] demonstrated that the occurrence of the alkaloid gelsemine in nectar of Gelsemium sempervirens significantly decreased both frequency and length of pollinator visitations but increased the number of flowers visited. A model demonstrates that under specific ecological conditions, plants can thus favorably influence pollen distribution patterns and promote outcrossing with alkaloids [5 ] . Kessler and Baldwin [6 ] found that nicotine in nectar repelled pollinators and decreased their visitation (drinking) times. In addition, they found that plants may counterbalance this effect with increasing amounts of the major volatile attractant, benzylacetone (BA)
Some angiosperms, in particular orchid species, have evolved an alternative pollination strategy that involves no nectar production but still relies on pollinators ( Figure 3 ). These species deceive their visitors by mimicking a mating partner or a rewarding species, often exaggerating attractiveness relative to models (for overviews see [31] [32] [33] ). Sexually deceptive orchids, such as Ophrys exaltata fool their victims by producing female bee pheromones but actually in different relative proportions than found in bees. Apparently, the plant exploits a mating decision rule of male bees that makes them prefer novel pheromone combinations as an outbreeding strategy that promotes mating with immigrated females [34 ] . With respect to food deceptive species, Peter and Johnson demonstrated that the mimic Eulophia zeyheriana differs in only 0.03 units in bee color space from its model, which implies according to bee vision studies [35 ] that model and mimic are indistinguishable to the pollinator. Pollinators alter their flower visitation patterns if they encounter empty flowers: they switch plants faster and move larger distances between consecutive visits [36, 37] . These changes actually provide some benefits to the mimic in the form of enlarged pollen dispersal radius and prevention of inbreeding [38, 39] . Nevertheless, recent experiments on the deceptive orchid Dactylorhiza sambucina demonstrate that plants supplemented with nectar receive more visits and pollen [40 ] . The authors conclude that the disadvantage of reduced visitation is outweighed by increasing the fitness advantage resulting from increased outbreeding.
Nectar genetics
Experimental manipulation of floral traits, such as supplementation/depletion of volatiles or sugars can give an indication of how these traits affect pollinator behavior and plant fitness. However, such experiments will rarely be conclusive. They do not account for the cost of production, and experiments are necessarily short-term. Nor give insight into the underlying molecular and genetic mechanisms. Designing plants with genetically Functional relationship of nectar and floral visitors. Key strategic options how a plant may maximize its lifetime reproductive success by adjusting nectar quantity and composition. The first decision is whether to reward pollinators or to cheat through sensory exploitation of the pollinator's nervous system. In the case of nectar production, coevolution with preferred pollinators should lead to specific compositions of primary and secondary compounds that optimize visitation by pollinators help to reduce the number of unwanted visitors. Physiological and molecular approaches will play a major role in testing this evolutionary scenario.
modified nectars as seen in the studies discussed above offers obvious advantages [6 ,7 ] . The production of such genetic material is challenging, however. Characteristic for nectar is its substantial environmental variability in concentration, composition, and volume between populations [41] , plants [42] [43] [44] , also genders [45] , and even interfloral and intrafloral variability from day to day [46, 47] .
Floral traits that affect pollinator behavior have the potential to lead to reproductive isolation. One of the most exciting aspects of plant reproductive biology is the fact that in many cases, plants with major phenotypic differences may be isolated in the wild but remain sexually compatible. A good example is the genus Petunia with species such as P. axillaris, P. integrifolia, and P. exserta that are partly or even completely reproductively isolated in their natural habitats, yet are routinely crossed in the laboratory. Controlled interspecific crosses make it possible to elucidate the genetic modifications underlying their contrasting pollination syndromes. Under controlled laboratory conditions, bee-pollinated P. integrifolia produces an average of 1.2 ml nectar, whereas in the mothpollinated species P. axillaris it is as high as 13-23 ml [48, 49 ] . Such clear differences between sister species offer unique opportunities to study the genetic changes that have led to the evolution of new pollination syndromes and reproductive isolation. Four minor QTL (vol 4-7) were identified in an interspecific cross between the two Petunia species. The additive effect of vol 4-7 accounted for 30% of the difference between the parental lines [49 ] . This suggests that nectar production is strongly polygenic. A different situation was found in Mimulus: half the phenotypic variance between two closely related species with a 80-fold difference in nectar volume could be explained by one single major QTL [50] . These few studies give first hints into the genetics of nectar traits. They demonstrate that, in addition to strong environmental variation, there is also abundant genetic variation and thus a substantial opportunity for a response to selection on these traits.
Conclusions and future directions
The field of nectar research has evolved in recent years. Advances in analytical methods have changed our views on the function of both the major and minor constituents. In particular, the unexpected chemical complexity of secondary metabolites in floral nectar translates into new insights into their ecological significance. An important field for future research concerns the role of individual traits that make up pollination syndromes. Can we untangle the specific function of nectar composition from other floral traits? Most of the experiments are conducted by conventional approaches such as nectar supplementation or depletion. Genetic manipulations in model organisms such as Mimulus, Petunia, and Nicotiana will be invaluable. What will be the effect of genetically reducing nectar content or composition? Will such cheating plants have reduced fitness because they are avoided by pollinators, or will fitness be increased due to enhanced outbreeding? We look forward to the answers to these and many other exciting questions. Transcription factor AN2 regulates anthocyanin production in bee-pollinated Petunia integrifolia, but is inactivated in moth-pollinated P. axillaris. Transgenic introduction of active AN2 into P. axillaris partially restores petal color and causes a shift in pollinator visitation. 
